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Enhanced microwave absorption, larger than that in the normal state, is observed in fine grains of type-II
superconductors (MgB2 and K3C60) for magnetic fields as small as a few% of the upper critical field. The effect
is predicted by the theory of vortex motion in type-II superconductors, however its direct observation has been
elusive due to skin-depth limitations; conventional microwave absorption studies employ larger samples where
the microwave magnetic field exclusion significantly lowers the absorption. We show that the enhancement is
observable in grains smaller than the penetration depth. A quantitative analysis on K3C60 in the framework of
the Coffey–Clem (CC) theory explains well the temperature dependence of the microwave absorption and also
allows to determine the vortex pinning force constant.
PACS numbers:
I. INTRODUCTION
Electrodynamics of superconductors remains an inten-
sively studied field1 due to the wealth of attainable funda-
mental information, including the nature of pairing mech-
anism and the coupling strength, and also due to the tech-
nological importance of these materials. As an example, ob-
servation of the conductivity coherence peak in conventional
superconductors2 (Nb and Pb) and its absence in high-Tc
materials3 pointed to a BCS mechanism in the former and
it was an early indication of non-BCS superconductivity in
the latter compounds. Concerning applications, the DC elec-
trodynamic properties in the mixed state of type-II supercon-
ductors determine the utility (e.g. loss, permanent field ho-
mogeneity, and stability) in superconducting solenoid coils
that are widely used in superconducting particle accelera-
tion, solid state spectroscopy, or medical imaging. The AC
electrodynamic properties are relevant for applications in-
cluding e.g. power handling, sound and electromagnetic
field detection4–6, superconducting microwave resonators7,
and in microwave absorbers8.
The frequency dependent conductivity of superconduc-
tors, σ˜ = σ1 + iσ2, is well known for both BCS (i.e. weak-
coupled s-wave pairing) and non-BCS superconductors (in-
cluding strongly coupled s-wave and non s-wave supercon-
ductors) in the absence of magnetic field, B = 0. At zero
temperature, T = 0, the real part, σ1(ω), is a delta func-
tion at ω = 0 followed by σ1(ω) = 0 until the gap edge
at ωg = 2∆/~ (Ref. 9) (usually at 0.1 − 10 THz). Ac-
cording to the Ferrell–Glover–Tinkham (FGT) sum rule10,11,
the spectral weight of the delta function comes from states
which are gapped below ωg (the sum rule is discussed in
depth in the Supplementary Material). The technologically
important radio frequency range spans 9 orders of magni-
tude in superconductors (from 10 kHz up to 1 THz) with
similar characteristic properties, thus measurements in the
microwave range (1− 100 GHz) are representative.
Conductivity in finite magnetic fields for the mixed
state in type-II superconductors was first described by the
Bardeen–Stephen (BS) model12 for the viscous motion of
vortices. This was later improved by the Coffey–Clem the-
ory (CC) in a series of seminal papers13–18, which also in-
cludes the effect of pinning force on the vortex motion. The
most important prediction of the BS model is a finite σ1 con-
ductivity at ω = 0. However, it is less well-known that the
FGT sum rule implies a non-zero σ1 that is larger than in the
normal state for ω < ωg. Observation of this effect has been
elusive as most contributions study the surface impedance
on polycrystalline2, compacted powder pellet, or thin film
samples19,20. Surface impedance studies have the advantage
that sample geometry is well defined, however the effects of
σ1 and σ2 are inevitably intermixed in this type of measure-
ments. Given that σ2 is orders of magnitude larger than σ1
in the superconducting state (due to the small value of the
penetration depth, λ, with respect to sample thickness), the
surface impedance measurement is less sensitive to changes
in σ1 (Refs. 21–25).
The effects of σ1 and σ2 are decoupled for fine grains;
for a sample placed in a microwave cavity, the loss is due
to σ1, whereas the resonance shift is due to σ2 (Refs. 26–
28). Therefore such samples provide a unique opportunity
to test the predictions of the CC theory on σ1,2(T,B). The
enigmatic and yet unexplained increase of the electron spin
resonance signal in superconductors right below Tc (Refs.
29,30) also highlights the need to study further the electro-
magnetic absorption in superconductors.
This motivated us to revisit the microwave conductivity
(at about 10 GHz) in the MgB2 and K3C60 superconductors
as a function of T and B. We observe an excess microwave
loss (or microwave absorption) in small magnetic fields (as
low as a few % of the upper critical field, Bc2) for a sam-
ple consisting of well-separated fine grains (typical size is
a few microns). The excess microwave absorption is not
observable in a single crystal sample. A quantitative anal-
ysis is provided for K3C60, which is a one-gap, cubic super-
conductor with well known magneto-transport properties31,
2whereas MgB2 is a multi-band superconductorwith strongly
anisotropic Bc2 (Refs. 32,33), thus application of the CC
model is less straightforward.
II. METHODS AND EXPERIMENTAL
We studied fine powder MgB2 samples identical to
batches in Refs. 34 and 35. Single crystal and powder
K3C60 samples were prepared by the conventional K inter-
calation method; the crystal sample was from the same batch
as in Ref. 36. The powder samples were further ground to-
gether with non-conducting SnO2 powder to prevent con-
ducting links between the grains. Magnetometry attested
that static superconducting properties (such as the steep-
ness of the superconducting transition) were unaffected by
the mixing. Samples were sealed in quartz ampules under
low pressure helium. Microwave properties were measured
with the cavity perturbationmethod26,27 as a function of tem-
perature, T , and in various static magnetic fields, B, inside
a superconducting solenoid, with zero-field cooling. Zero
field measurements (besides the Earth’s magnetic field) were
made in another cryostat without a magnet field solenoid to
avoid trapped flux (which may amount to 10-20 mT). The
unloaded copper cavity has a quality factor, Q0 ∼ 10, 000
and a resonance frequency, f0 ∼ 11.2 GHz, whose temper-
ature dependence is taken into account. The samples were
placed in the node of the microwave (or rf ) electric field
and maximum of the microwave magnetic field inside the
TE011 cavity, which is the appropriate geometry to study
minute changes in the conductivity28. The rf magnetic field
is parallel to the DC field of the solenoid, which yields the
largest vortex motion induced absorption according to the
CC theory15. Measurement37 of the quality factor, Q, and
the cavity resonance frequency, f yields the loss: ∆
(
1
2Q
)
=
1
2Q − 12Q0 and cavity shift: ∆f/f0 = (f − f0)/f0.
III. RESULTS
Fig. 1 shows themicrowave cavity loss and cavity shift for
a fine powder of MgB2 and for two kinds of K3C60 samples:
a single crystal and a fine powder as a function of temper-
ature and for a few magnetic field values. The microwave
loss decreases rapidly below Tc in zero magnetic field as ex-
pected for superconductors. The most important observation
is that the microwave loss becomes significant for a magnetic
field as small as 0.1 T for the fine powder samples, whereas
even 1 T has little effect on the microwave absorption for
the single crystal K3C60 sample. In fact, we observe a giant,
about a factor 3 times larger, microwave absorption below
Tc than in the normal state. This striking difference between
the crystal and fine grain samples is clearly demonstrated for
K3C60 where measurements on both kinds of samples are
shown. For MgB2, microwave measurements on compacted
samples (or surface impedance measurements) supports this
observation as therein no enhanced microwave absorption
was observed38–43. While the absorption becomes signifi-
cant for the fine powder samples at B = 0.1 T, the shift
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FIG. 1: Temperature dependent cavity loss, ∆( 1
2Q
), and cavity
shift, ∆f/f0 for a fine powder of MgB2 and for the single crys-
tal and powder K3C60 samples. Two magnetic field data are shown
for the crystal (0 and 1 T) and three for the powder samples (0,
0.1, and 1 T). Note that the cavity loss changes significantly for the
powder sample in contrast to the single crystal sample. Note the
different scales for the∆f/f0 data.
changes less, which means that the overall superconducting
characteristics of the sample are maintained.
We believe that the enhanced microwave absorption is
an ubiquitous property of fine powders of type-II supercon-
ductors. However, we cannot quantitatively discuss this ef-
fect for MgB2 due to the multi-band superconductivity
44,45
and the significant Bc2 anisotropy; Bc2 at 0 K is ∼ 2T
and ∼ 16T for B||(c) and B||(a, b), respectively (Refs.
33,34,46). We therefore focus on K3C60 in the following.
The enhanced microwave loss appears progressively with
increasing magnetic field (additional data are shown in the
Supplementary Material).
We also show the B = 0.1 T data for the powder sam-
ple (B ≈ 0.002 × Bc2) in Fig. 1; they show a peak in
the microwave loss right below Tc followed by a gradual
decrease. The zero magnetic field data also shows a small
peak (invisible at the scale of Fig. 1) for the powder sam-
ple (shown in the Supplementary Material). This small peak
is not due to magnetic field and is most probably a tiny
conductivity coherence peak (the analogue of the Hebel–
Slichter peak47) which is known to be strongly suppressed
by strong-coupling effects in alkali fullerides48,49. While the
presence of a coherence peak itself is an interesting physical
phenomenon2,50, it is not relevant for the present discussion.
The fact that the enhanced microwave absorption occurs
with the application of the magnetic field hints at a flux
motion related phenomenon that is discussed in the frame-
work of the CC theory. The microwave absorption peak
occurs above the irreversibility line, i.e. it is related to
the physical behavior of the vortex-fluid state; for K3C60
Tirr(B = 0.1T) ≈ 15K and Tirr(B = 1T) < 5K (Ref. 51).
3The strong dependence on the sample morphology is also
discussed below. Superconducting fullerides are type-II
(λ ≫ ξ) and have a short mean free path31 i.e. they can
be described in the local electrodynamics limit as opposed
to the non-local (or Pippard) limit, which simplifies the dis-
cussion.
IV. DISCUSSION
A. Conductivity in the superconducting state
The phenomenological CC theory13–18 is based on a two-
fluid model and considers the motion of vortices due to the
exciting electromagnetic field in the presence of a viscous
background (described by the viscous drag coefficient, η)
and a restoring force (described by an effective pinning force
constant, κp).
The viscous drag was introduced in the Bardeen–
Stephen theory12 and is determined by the superconducting
parameters9,52: η (T ) = Φ0Bc2(T )ρn(T ) . The value of κp is un-
known and only an upper limit can be estimated from ther-
modynamic considerations52–54 for a ”perfect pinning cen-
ter”, i.e. a hollow cylinder with a diameter of about the co-
herence length, d ≈ ξ. The condensation energy gain per
unit length from placing a vortex in this cylinder is about
d2B2c /2µ0, where the square of the thermodynamic critical
field is B2c = Bc1Bc2/ ln
(
λ
ξ
)
. This leads to:
κp,max =
B2c
2µ0
. (1)
For a weaker pinning center, κp can be significantly lower
and in the bulk of a perfect superconductor, it would be zero.
The CC theory introduces the concept of the complex pen-
etration depth, λ˜:
λ˜2 =
λ2 + (i/2)δ˜2vc
1− 2iλ2/δ˜2nf
, (2)
where δ˜nf is the normal fluid skin depth, λ is the usual
(real) penetration depth and δ˜vc is the complex effective skin
depth18. The latter quantity is zero for B = 0 and becomes
finite in the mixed state when vortex motion is present. λ˜
is related to the complex conductivity by σ˜ = i/µ0ωλ˜
2.
Note that for B = 0 (i.e. when δ˜2vc = 0), we obtain
λ˜2(T = 0) = λ2 and λ˜2(T = Tc) = iδ
2
n/2 as expected. The
CC theory yields the temperature and magnetic field depen-
dent σ˜ using explicit expressions for λ(T ), δnf(T ), Bc2(T ).
We have implemented the calculation (details are given in
the Supplementary Material) and validated our calculations
by comparing the results to that published in Ref. 18.
Here, we discuss qualitatively the predictions of the CC
theory and some typical cases are shown in Fig. 2. In
superconductors, at B = 0 the carrier spectral weight be-
low ωg collapses into the σ1 =
π
2µ0λ2
δ(ω) function ac-
cording to the Ferrell–Glover–Tinkham (FGT) sum rule10,11.
The Kramers–Kronig relation dictates that σ2 = 1/µ0ωλ
2.
Without vortex pinning, the Meissner state is destroyed for
0.5 1.0
0
5
10
          B/Bc2
 0.1
 0.2
 0.5
Bc1<B, p 0Bc1<B, p=0
0.0 0.5 1.0
0
5
10 B=0
1/
n
0.0 0.5 1.0
0
5
10
2/
n
 (in units of g)
0.0 0.5 1.0
0
2
4
6
8
10
0.0 0.5 1.0
0
5
10
0.0 0.5 1.0
0
5
10
FIG. 2: Illustration of σ˜(ω) in superconductors for i) B = 0, ii)
for finite fields (B > Bc1) with κp = 0 (the Bardeen–Stephen
case), and iii) forB 6= 0 and a finite κp (the case of the CC theory).
Conductivity above the superconducting gap, ωg, is not shown. The
spectral weight in the delta function is preserved for B 6= 0. Note
that for κp 6= 0, the conductivity appears as if it were a sum of σ˜’s
for the B = 0 and the BS flux-flow regimes (shown with dashed
curves). Of the two components, the σ1 ∝ δ(ω) and σ2 ∝ 1/ω is
due to vortex pinning.
B > Bc1 and the Bardeen–Stephen theory gives σ =
Bc2
B
σn
1+i ω
ωc
. It is worth noting that this result is formally anal-
ogous to the AC Drude model as the underlying equation of
motion (of electrons or vortices) is the same. Here, we intro-
duced a cut-off frequency ωc =
B
µ0λ2Bc2σn
. Clearly, σ1 can
be larger than σn for ω < ωc.
In the presence of vortex pinning, the CC theory predicts
that σ˜ is characterized by a mixture of the unperturbed super-
conducting behavior and that of the Bardeen–Stephen the-
ory with a shared spectral weight which depends on the pin-
ning force constant. Pinning reduces the effect of the vor-
tex flow on σ1. The enhanced σ1(ω) AC conductivity (as
compared to the normal state) is a direct consequence of the
FGT sum rule for a finite magnetic field. It allows to es-
timate the maximum possible value of the enhancement as
σ1,max(ω) ≈ σn × ωg/ω, that would be realized at T = 0 in
the absence of pinning. E.g. for K3C60 and ω/2π = 10GHz
we obtain σ1,max(ω) ≈ 140σn.
The CC theory allows to quantitatively analyze the con-
ductivity in K3C60. The requirement of B ≫ Bc1 is sat-
isfied for our magnetic fields of 0.1 . . .1 T as Bc1 ∼ 10
mT. The CC theory was developed for a superconductor
which occupies the total half space. We show in the Sup-
plementary Material that it can be applied for a spherical
sample which approximates well finite sized grains contain-
ing at least a few hundred/thousand vortices. In addition,
4the static and rf magnetic fields are parallel in our experi-
ment, which is the standard case for the applicability of the
CC theory. Albeit we cannot quantitatively consider the ef-
fect of the small particle size on the magnetic properties,
we believe that neither the surface barriers (also known as
Bean-Livingstone barriers55) nor the so-called geometrical
barriers56 affect considerably the applicability of the CC the-
ory. The argument is that both types of barriers would af-
fect the overall number of the vortices under the applied DC
magnetic field (or the B value where vortices appear) but
not the overall vortex dynamics under the application of the
small AC magnetic field, which is the primary reason for the
observed microwave absorption.
property value Ref.
Tc 19.5 K 31
ρn(Tc) 1.8 · 10
−6, 4.1 · 10−6 Ωm 57,58
δn(11.1GHz) 9.7, 6.4 µm
ξ0 2.6, 3.4 nm 59,60
λ0 240, 480, 600 nm 59,61,62
TABLE I: Transport and magnetic parameters of the K3C60 su-
perconductor: the superconducting transition temperature, Tc; the
normal state resistivity at Tc, ρn; the normal state skin depth, δn; the
coherence length at T = 0, ξ0; and the magnetic field penetration
depth at T = 0, λ0. The tabulated ξ0 values correspond to an upper
critical field, Bc2 at T = 0 of 49 and 28 T, respectively.
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FIG. 3: Calculated real part and imaginary part of complex rf con-
ductivity vs the reduced temperature for different values of the pin-
ning force constant, κp. The conductivity values are normalized by
the normal state conductivity at the critical temperature. The large
value of σ2(T = 0)/σn(Tc) is due to a large (δn/λ)
2
. Note also
the different scales for the σ1 values.
In Fig. 3., the calculated conductivity is plotted ver-
sus the reduced temperature for different force constants,
κp, with the parameters ξ0 = 3 nm (which corresponds to
Bc2(0 K) = 37.5 T), λ0 = 440 nm, and ρn(Tc) = 2.95 Ωm,
the mean values of the corresponding literature parameters
for K3C60 (Refs. 31,57–62), which are detailed in Table I.
The pinning force constant is given in the figure with respect
to κp,max = 3.84 ·104 N/m2 according to Eq. (1). The figure
indicates that κp strongly affects the magnetic field depen-
dence of σ˜.
B. Analysis of the experimental data
The sample morphology greatly affects the relation be-
tween the material conductivity, σ˜, and the microwave pa-
rameters, the loss and shift. Two limiting cases are known.
1) The sample is large and the field penetrates into a lim-
ited distance from the surface. This approximates the mea-
surement in the large K3C60 single crystal. 2) The sample
is a small sphere with radius comparable to the penetration
depth. This approximates the K3C60 sample of well divided
small grains. We discuss that the experimental observations
for the crystal and fine powder K3C60 are explained well by
these two regimes.
In the first case, when the rf field penetrates in the skin
depth only (known as the skin limit), the following equation
holds between the microwave measurement parameters and
the material quantities27:
∆f
f0
− i∆
(
1
2Q
)
= −iνµ0ω
√
−λ˜2, (3)
where the complex penetration depth, λ˜, is related to the con-
ductivity as λ˜2 = i(µ0ωσ˜)
−1. The dimensionless ν ≪ 1 is
the so-called resonator constant2 and it depends on the sam-
ple surface relative to that of the cavity.
The left panels in Fig. 4. show the calculated and mea-
sured cavity loss and shift in 0 and 1 T magnetic fields for
the single crystal sample. The calculation uses Eq. (3) with
κp = κp,max/20. Although this low κp induces a large σ1,
there is no visible peak in the cavity loss in this case when
excitation is limited to the surface. We discuss in detail in the
Supplementary Material that the calculated cavity loss and
shift are insensitive to the value of κp in this limit. Clearly,
the experimental data for the K3C60 crystal match well the
calculations.
A suitable ν = 5.1 · 10−4 was chosen to match the calcu-
lation to the experiment. We find that for both the calcula-
tion and experiment, the cavity loss parameter drops rapidly
below Tc, although σ1/σn is around unity due to the vortex
motion. This effect is due to the development of a significant
σ2/σn ∼ 100, which limits the penetration of microwaves
into the sample and thus reduces the loss. This means that
the microwave surface impedance measurement is not ca-
pable of providing information about σ1 in the presence of
vortex motion. We note that the experimental curves do not
show such a rapid change as a function of temperature as the
calculation. This may be related to the finite size and surface
roughness of the single crystal sample.
Second, we discuss the opposite limit, when the mi-
crowave field penetrates into the sample (known as the pen-
etration limit), the cavity measurables depend differently on
the sample parameters. It was shown63 for a sphere with
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FIG. 4: Comparison of measured and calculated cavity loss and
shift parameters in the skin (left panels) and penetration limit (right
panels). Calculation details are given in the text. Note that the cal-
culated curves and the experimental data agree well for both sample
types.
radius, a:
∆f
f0
− i∆
(
1
2Q
)
= −γα˜, (4)
α˜ = −3
2
(
1− 3
a2k˜2
+
3
ak˜
cot(ak˜)
)
, (5)
where k˜ = n˜ωc is the complex wavenumber, with n˜ =√
iσ˜/ǫ0ω being the complex index of refraction. The di-
mensionless γ is a sample volume dependent constant.
The right panels in Fig. 4. show the measured cavity loss
and shift data for the fine powder sample together with a
fit according to Eq. (5). To obtain these fits, we fixed the
transport and magnetic parameters (ρn, ξ0, λ0) of K3C60 to
the respective mean values as given in Table I. We assumed
that the sample consists of spheres with a uniform diameter,
a. The zero magnetic field data depends only on γ and a
when the other parameters, δn and λ, are fixed. A fit to the
B = 0 data yields γ = 5.5(2) · 10−4, and a = 6.2(2) µm.
We then proceed to fit the magnetic field dependent data with
κp as the only free parameter and we obtain κp = 1.0(1)·103
N/m2, which is about κp,max/20. As shown in Fig. 4., the
calculation agrees well with the experimental data.
Somewhat better fits could be obtained when letting λ, ρn,
and Bc2 differ from the mean literature values. In addition,
Eq. (5) is valid for spheres only, it thus fixes the ratio be-
tween the real and imaginary parts (cavity loss and shift). A
different particle shape or particle size distribution would al-
low for a different scaling factor for the loss and shift data
which could also improve the fits. Although improved fits
could be attained, we believe that the simplest model ex-
plains well the experimental observation of an enhanced mi-
crowave absorption. In addition it allows to determine an
effective pinning force constant, which is an important pa-
rameter to describe the electrodynamics of type-II supercon-
ductors. However, we note that κp determined herein may
overestimate the bulk pinning force constant; it is known that
the presence of a substantial surface-volume ratio may give
rise to additional vortex pinning55,56, with a strength that is
difficult to estimate.
Summary
We demonstrated that moderate magnetic fields, which
are small compared to the upper critical field, induces a
large microwave absorption in fine powders of type II su-
perconductors, like MgB2 and K3C60. The effect is absent
for samples containing larger grains or compacted powder
pellets. The Bardeen–Stephen model of flux-flow predicts
that the real part of the AC conductivity can be enhanced in
the microwave range, but this effect has not been observed.
We analyze the conductivity using the Coffey–Clem theory
which also accounts for vortex pinning effects. It is ap-
plied to calculate the microwave properties for two kinds of
samples: when the electromagnetic field penetration is lim-
ited to the surface (skin limit) or when it fully penetrates
into the fine grain samples (penetration limit). We show
that microwave absorption in the skin limit is little affected
by the vortex-motion enhanced σ1 but in the penetration
limit, the effect is clearly observable. A quantitative anal-
ysis for K3C60 yields the vortex pinning force constant that
can be hardly determined by other means. Our observation
allowed us to explain long-standing microwave anomalies
in superconductors29,30 and it may lead to pertinent applica-
tions in microwave communication techniques.
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8Appendix A: The sum rule and complex conductivity in
superconductors
For usual metals, the sum rule states64:
2
π
∫
∞
0
σ1 (ω) dω =
ne2
m∗
= ǫ0Ω
2
pl, (A1)
where n is the charge carrier density, e is the elementary
charge,m∗ is the effectivemass,Ωpl is the plasma frequency,
and ǫ0 is the vacuum dielectric constant. This is satisfied for
the AC Drude model, where σ1 and σ2 read:
σ1 =
ne2τ
m∗
1
1 + ω2τ2
, (A2)
σ2 =
ne2τ
m∗
ωτ
1 + ω2τ2
. (A3)
For superconductors, the Ferrell–Glover–Tinkham (FGT)
theory states that the sum rule10,11 is still obeyed, i.e. the
spectral weight is only re-arranged due to superconductivity
but the value of the integral is retained.
In the following, we discuss the relevance of the sum rule
in different superconductor regimes. In a type II supercon-
ductor, λ≫ (ξ0, ℓ),where ξ0 is the coherence length and ℓ is
the mean free path, therefore local electrodynamics can be
used. For such a case, σ1(ω) = 0 below the gap frequency,
ωg =
2∆
~
except for the delta function at ω = 0. The clean
limit is defined as ξ0 ≪ ℓ, which is equivalent to ωg ≫ 1/τ ,
since ξ0 = ~vF/π∆. In this case, all the oscillator strength
appears in the σ1 ∝ δ(ω) function as:
σ1,clean =
ne2
m∗
δ (ω) =
π
2µ0λ2L
δ (ω) , (A4)
σ2,clean =
1
µ0ωλ2L
, (A5)
where λL is the London penetration depth, related to the
charge carrier concentration as: λL =
√
m∗
µ0ne2
and also
λL = c/Ωpl (where c is the speed of light). Note that σ1,clean
clearly satisfies the sum rule.
In the dirty limit, ξ0 ≫ ℓ (which is the case in K3C60,
given that ξ0 ≈ 3 nm and ℓ = 1 nm)31, we have ωg ≪ 1/τ .
Then, the oscillator strength in the delta function is reduced
by approximately ωgτ (which is smaller than 1). Pippard’s
aproximate expression for the penetration depth, λ, in the
dirty limit
λ = λL
√
1 +
ξ0
ℓ
, (A6)
leads to the same result:
σ1,dirty(ω = 0) =
λ2L
λ2
σ1,clean(ω = 0) ≈ (A7)
ℓ
ξ
σ1,clean(ω = 0) = ωgτσ1,clean(ω = 0).
A theoretical consideration of the charge carriers and ef-
fective mass in K3C60 gave a clean limit result as λL =
160 nm (Ref. 31) which is about a factor 3 smaller than
the experimental value of λ ∼ 400 nm. This means that
the delta function strength is reduced by about a factor 10 as
compared to the clean limit case.
In principle, one has two further regimes for type I super-
conductors, which are however not relevant for the present
discussion. When ξ0 ≪ ℓ, σ1 and σ2 have similar form as
in the clean limit. When ξ0 ≫ ℓ, one must use non-local
electrodynamics, which also leads to a delta function with a
reduced spectral weight.
Appendix B: Frequency and temperature dependence of the
AC conductivity in superconductors
The description of the AC conductivity was given by Mat-
tis and Bardeen based on BCS theory in 1958.65 The expres-
sions for σ1 and σ2 are:
σ1
σn
=
2
~ω
∫
∞
∆
[f (ε)− f (ε+ ~ω)] (ε2 +∆2 + ~ωε)
(ε2 −∆2)1/2
[
(ε+ ~ω)
2 −∆2
] dε+
1
~ω
∫
−∆
∆−~ω
[1− 2f (ε+ ~ω)] (ε2 +∆2 + ~ωε)
(ε2 −∆2)1/2
[
(ε+ ~ω)2 −∆2
] dε, (B1)
σ2
σn
=
1
~ω
∫ ∆
∆−~ω,−∆
[1− 2f (ε+ ~ω)] (ε2 +∆2 + ~ωε)
(∆2 − ε2)1/2
[
(ε+ ~ω)
2 −∆2
] dε,
(B2)
where f is the usual Fermi-Dirac distribution function, and
the lower limit of the integral in (B2) for ~ω > 2∆ is −∆.
In Fig. 5., we show the real and imaginary parts of the
AC conductivity as a function of frequency at some temper-
atures and B = 0. Note that σ2 vanishes at T = Tc and
that σ1 becomes a delta function, δ(ω), at T = 0 and ω = 0
with a spectral weight which compensates for the oscillator
strength which is missing at finite frequencies (this is also
known as the sum rule for superconductors9). The zero fre-
quency conductivity in the superconducting range therefore
equals to roughly: σ1(ω) ≈ δ(ω)σn 2∆~ .
Appendix C: Details of sample preparation and microwave
measurement
Preparation of K3C60 proceeds from high purity C60 (pu-
rity> 99.9%, ”super gold grade”, Hoechsts) and K (Sigma-
Aldrich) in stoichiometric amounts. It is heated to 350 ◦C
in a closed steel capsule for typically 3 days in inert at-
mosphere followed by grinding of the sample and a final,
1 week-long, heat treatment under the same temperature
conditions66. The sample was repeatedly ground followed
by additional heat treatment to enable a homogeneous dop-
ing. Characterization was performed using IR spectroscopy,
powder X-ray diffractometry, electron spin resonance spec-
troscopy and SQUID magnetometry.
The starting C60 crystal sample was grown with the gra-
dient sublimation technique67 which results in fullerene sin-
gle crystals with the size from a few 100 microns up to
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FIG. 5: Frequency dependence of the real and imaginary part of the
conductivity calculated according to Mattis–Bardeen equations.
2 millimeters. The doping then proceeded along the con-
ventional vapor phase doping. The superconducting volume
fraction of the K3C60 crystal was characterized by SQUID
magnetometry and reported in Ref. 68. The zero-field
cooled magnetization reveals68, by field exclusion, a super-
conducting volume fraction close to 100 %. Note that this
method can not reveal core-shell-like arrangements of cores
of non-superconducting impurities shielded by supercon-
ducting shells. This, however, would not affect the present
studies which are also limited to the surface of the K3C60
crystal.
In the microwave measurements, we set ∆f/f0 = 0 at
T = Tc as ∆f is affected by the quartz tube itself and the
amount of helium in the cryostat, i.e. reference measure-
ments do not give a reproducible result. This effect also in-
fluences the analysis of the data: an additional fitting param-
eter, the cavity shift value at T = Tc, needs to be introduced.
Its value is +6.7(2) × 10−6, i.e. this value is subtracted
from the calculated shift values which returns∆f/f0 = 0 at
T = Tc. We found that this extra parameter does not influ-
ence the validity of the numerical analysis of the data.
Appendix D: Additional experimental data
In Fig. 6., we show the cavity loss and shift as a func-
tion of temperature in zero magnetic field. The data are
zoomed to the vicinity of the critical temperature. A small
coherence peak is clearly observed immediately below Tc.
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FIG. 6: Cavity loss and shift as a function of temperature at the
Earth’s magnetic field. These are the same data shown in the main
text, however with a magnified scale. A small peak, which was ten-
tatively assigned to superconducting coherence effects, is observed
immediately below Tc.
We are aware that this small coherence peak was observed
in K3C60 and also in Rb3C60 (Tc = 28 K) back in 1994
but its observation remained unpublished69. In principle, a
coherence peak is expected in the microwave conductivity
as it is predicted by the Mattis–Bardeen theory and simi-
lar data were obtained in Ref. 2 for conventional weak-
coupled superconductors. However, K3C60 is a strong-
coupled superconductor31, therefore the suppression of the
conductivity coherence peak is not surprising.
In Fig. 7., we show additional magnetic field dependent
cavity loss and shift data for the fine powder K3C60 sample.
The data at at 0, 0.1, and 1 T are identical to that shown in
the main text.
Appendix E: The Coffey–Clem theory
The Coffey–Clem theory13–18 describes the high fre-
quency electrodynamic response of type-II-superconductors
in the mixed state in external static magnetic field. In this
calculation the static (B0) and the rf magnetic field are par-
allel and the static field is much greater than the amplitude of
the rf field. This geometry matches our experimental setup.
The corresponding rf electric field is responsible for the vor-
tex movement and is perpendicular to the static magnetic
field. The theory also assumes a uniform vortex density dis-
tribution.
To estimate the complex AC conductivity, the two-fluid
equation J = Jn+Js is used, where Jn is the normal current
density, and Js is supercurrent density, which is caused by
the vortex dynamics. The current density is characterized by
the complex penetration depth, which is defined as follows:
J = σ˜E, (E1)
σ˜ =
i
µ0ωλ˜2
. (E2)
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FIG. 7: Additional experimental data on the fine powder K3C60
sample. The data at 0, 0.1, and 1 T are the same as in the main text.
The quantity λ˜ is determined from the current densities as
follows. The two types of current density are obtained from
Jn = σnfE and the London equations:
∇× Js = − 1
µ0λ2
(B−Bv) , (E3)
where B = B0 + Brf, Bv = nΦ0B̂0 is the total magnetic
field in the vortices, which is the sum of the external DC
field (B0) and the vortex-motion-inducedmagnetic field. B̂0
is the direction of the DC magnetic field, n denotes the local
area density of vortices. These relationships together with
Ampere’s law yield:
∇2B = µ0σnfB˙+ 1
λ2
(B−Bv) . (E4)
The last term can be obtained from the vortex equation of
motion:
µu¨+ ηu˙+ κpu = J× Φ0B̂0, (E5)
where u is the vortex displacement from its equilibrium pin-
ning site, µ (T ) = ǫ0Φ0Bc2 (T ) is the inertial mass per unit
length of vortex, η is the viscous drag coefficient in the ab-
sence of flux creep and κp is the restoring force constant of
a pinning potential. All these parameters depend on temper-
ature.
The viscous drag coefficient is directly determined by the
other parameters as52–54:
η (T ) =
Φ0Bc2 (T )
ρn (T )
. (E6)
(E7)
However, only the maximum value for the pinning force
constant can be estimated52–54. It is obtained for a perfect
pinning center, which is a hollow core with radius ξ:
κp,max =
Bc1Bc2
2µ0
/ ln
(
λ
ξ
)
, (E8)
where µ0 is the vacuum permeability. In a realistic case,
κp can be substantially smaller than κp,max depending on the
quality of the pinning centers.
For a harmonic rf excitation, Eq. (E5) can be rewritten
with the help of the complex dynamic vortex mobility µ˜v =
(−iωµ+ η + iκp/ω)−1 as:
u = − µ˜v
iω
J× Φ0B̂0. (E9)
Note the distinction between µ (inertial mass per unit length
of vortex), µv (complex dynamic vortex mobility), and µ0
(permeability of the vacuum).
When J and B̂0 are perpendicular, and the vortex-motion-
induced electric field is Ev = Bv × u˙ which obeys ∂Bv∂t =−∇×Ev:
Bv = B0 −∇× (B0 × u) . (E10)
Considering the vector calculus identities
(∇ × (∇×B) = ∇ (∇B) − ∇2B) and Faraday’s
law with harmonic rf excitation (−∇ × E = B˙ = −iωB)
with the help of equation (E10), equation (E4) can be
rewritten:
−∇× (∇×B) = −µ0σnf∇×E+ 1
λ2
(
1
iω
∇×E+∇× (B0 × u)
)
. (E11)
The components of this equation can be integrated with respect to the space variable:
11
µ0J = µ0σnfE+
1
λ2
(
− 1
iω
E+
Φ0B0µ˜v
iω
J
)
, (E12)
J =
µ0σnf − 1λ2iω
µ0 − Φ0B0µ˜viωλ2
E, (E13)
λ˜2 =
λ2 + (i/2)δ˜2vc
1− 2iλ2/δ˜2nf
. (E14)
The latter quantity is the so-called complex penetration
depth. In these equations, δ˜nf is the normal fluid skin depth,
and δ˜2vc =
2B0Φ0µ˜v
µ0ω
is the complex effective skin depth. The
latter quantity is zero for B = 0 and it becomes finite in
the mixed state when vortex motion is present. Note that for
B = 0, i.e. δ˜2vc = 0, λ˜
2 returns λ2 and iδ2n/2 at T = 0 and
T = Tc, respectively.
The temperature and magnetic field dependence of the
transport and magnetic parameters are:
Bc2 (T ) = Bc2 (0)
1− t2
1 + t2
, (E15)
λ (T,B) =
λ (0, 0)√
(1− b (T )) (1− t4) , (E16)
δ˜2nf (T,B) = δ
2
n/f (T,B) , (E17)
f (T,B) = 1− (1− t4) (1− b (T )) , (E18)
κp (T ) = κp (0)
(
1− t2)2 , (E19)
where t = T/Tc and b(T ) = B/Bc2(T ) are the reduced
temperature and magnetic field, respectively.
It is informative to show the temperature dependence λ˜,
which correspond to the presented σ˜ in the main text. This is
shown for various magnetic fields and κp values in Fig. 8. In
zero magnetic field, Re
(
λ˜
)
drops rapidly from δn/2 at T =
Tc to the London penetration depth toward T = 0. However,
for finite magnetic fields and a smaller κp, Re
(
λ˜
)
remains
closer to the normal state value down to about half of Tc due
to the vortex induced conductivity. For small grain sizes, this
allows for a significant microwave field penetration into the
grains which leads to a sizeable microwave cavity loss such
as we observe herein.
Appendix F: Additional discussion of the vortex motion in
external static and rf magnetic field
In the following discussion we assume that the complex
conductivity is dominated by the flux flow. So we neglect
the effect of vortex pinning and flux creep. In this case the
vortex motion is retarded only by the viscous damping. So
we can obtain the vortex motion in the following form9:
u˙ =
1
η
J× Φ0B̂0. (F1)
The current density is calculated from Ohm’s law in which
the electric field is induced by the external rf magnetic field:
∇× Jac = − 1
ρf
B˙ac, (F2)
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FIG. 8: Temperature dependence of the real and imaginary parts
of λ˜ for various magnetic fields and κp values. Note that Re
(
λ˜
)
returns the London penetration depth at zero magnetic field and
also shows the effect of vortex movement for a finite B. In the
normal state, it returns δn/2 as expected.
where ρf is the flux-flow resistivity
(
ρf =
BΦ0
η
)
. For sphere
samples the solution of the (F2) equation is the following in
cylindrical coordinates:
Jac = − r
2ρf
B˙ac, (F3)
The directions of the vectors are shown in Fig. 9. Equation
FIG. 9: Sphere superconductor in external static and rf magnetic
field. The magnetic field is parallel to the z axis, and the induced
current density is tangential. So the direction of the vortex motion
is radial.
(F1) can be rewritten with this result:
u˙ = − r
2
B˙ac
B
. (F4)
12
This result is the same, if we assume that vortex motion is
caused by the change of vortex density. The reason of this
change is the small oscillation in the magnetic field (small
so that only the size of the primitive cell of the vortex lattice
varies). The only relevant length scale is the distance be-
tween the vortices, which is proportional to
(
Φ0
B
)1/2
.9 The
motion of the vortices can only be radial due to the lattice
symmetry. Thus the velocity of the vortices is equal to the
time derivative of r, where:
r = n
(
Φ0
B
)1/2
, (F5)
where n depends only on the vortex lattice structure. The
time derivative of r is:
r˙ = −n
(
Φ0
B
)1/2
︸ ︷︷ ︸
r
B˙ac
2B
= − r
2
B˙ac
B
. (F6)
Appendix G: Frequency dependence of the conductivity in the
presence of vortex motion
It is assumed that conductivity can be written as a sum of
two terms: σ = σnf + σsf, where σnf and σsf are the normal-
fluid and superconductor contributions, respectively. At low
temperatures, the normal fluid term
(
λ2 ≪ δ2nf
)
can be ne-
glected, thus Eq. (E4) can be rewritten as follows:
µ0λ
2
J˙+
1
σv (ω)
J = E. (G1)
Note, that this equation is very similar to the kinetic equation
of electrons in the AC Drude model: mne2 J˙+
1
σ0
J = E.
According to the CC theory, the value of σv can be written
as13:
σv (ω) = σf
(
1 +
κp
iωη
)
, (G2)
where σf =
Bc2
B σn is the flux-flow conductivity (which ap-
pears in the Bardeen–Stephen theory, i.e. it is without vortex
pinning).
In the absence of vortex pinning centers, σv = σf i.e. it
is the inverse of the Bardeen–Stephen resistivity12. In this
case σv does not depend on frequency, so the frequency-
dependent conductivity has the same form as the conduc-
tivity in the Drude model, shown in Fig. 10.
σ (ω) =
σf
1 + iωµ0λ2σf
. (G3)
Note that (G3) satisfies the sum rule:
2
π
∫
∞
0
Reσ (ω) dω =
1
π
∫
∞
−∞
σf
1 + ω2 (µ0λ2σf )
2 dω =
1
µ0λ2
,
(G4)
where we exploited that Re σ (ω) is even and the 11+ω2τ2
function has one simple pole at i/τ .
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FIG. 10: Complex conductivity in different magnetic fields with
no pinning centers. Note that when B → 0 we recover the delta
function in σ1. Note, that the scale of the abscissa is logarithmic,
as a result the lowering of the edge in the σ1 data can be be hardly
seen.
The conductivity has a more complicated form according
to the CC theory when κp 6= 0:
σ1 (ω) =
σfλ
4
C
(λ2Cµ0ωλ
2σf )
2
+ (λ2C + λ
2)
2 +
π
2
δ (ω)
µ0 (λ2 + λ2C)
,
(G5)
σ2 (ω) = −
λ4Cµ
2
0ω
2λ2σ2f + λ
2 + λ2C
µ0ω
(
(λ2Cµ0ωλ
2σf )
2
+ (λ2C + λ
2)
2
) (G6)
where λ2C = BΦ0/µ0κp is the so-called Campbell penetra-
tion depth70,71.
The CC theory provides the first term only in σ1. The
presence of the second term with the delta function was in-
serted in order to satisfy the sum rule and to maintain the
Kramers–Kronig relation between σ1 and σ2. The second
terms in σ1,2 are due to the strongly pinned vortices, i.e.
these appear as those in superconductors in the Meissner
state. The spectral weight is distributed between the two
terms in σ1: as the pinning force is increased, the delta func-
tion dominates and eventually it returns the case of B = 0.
In the other extreme, when κp tends to zero, the Bardeen–
Stephen result is recovered. The full result is shown in Fig.
11. for a few κp values.
Appendix H: Microwave cavity perturbation in the skin limit
As discussed in the main text, when the penetration of
microwaves is limited to the skin depth only, the microwave
cavity loss and shift is expressed by the complex penetration
depth λ˜ as:
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FIG. 11: Complex conductivity in finite magnetic field with differ-
ent pinning forces; a new term, proportional to 1/ω, appears in σ2.
For the σ1 data, the curves with large κp and B = 0 T values re-
main zero except for a delta function. Note that for a large pinning
force, σ1 and σ2 have the same form as the conductivity in zero
applied magnetic field. The scale of the abscissa is logarithmic. A
zoom-in is shown for the grey shaded box in the insert.
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FIG. 12: Calculated cavity loss and shift calculated according to
Eq. (H1) using the σ1 and σ2 data shown in the main text at f =
10GHz. We used ν = 1 in the calculation and assumed that the
sample is in the node of the electric field inside a microwave cavity.
∆f
f0
− i∆
(
1
2Q
)
= −iνµ0ω
√
−λ˜2, (H1)
where ν is called resonator constant2.
Fig. 12. shows the cavity loss calculated according to Eq.
(H1) for various values of κp (the same σ1 and σ2 data as
in the main text). Although σ1 and σ2 changes significantly
for the various κp values, remarkably, in this limit the cavity
loss and shift show little sensitivity to κp. As a result, surface
impedance studies cannot determine the value of the pinning
force constant with certainty.
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FIG. 13: Calculated cavity loss vs normalized σ2 in logarithmic
scale for different σ1 values with the geometric factor, ν = 1. The
shaded area shows the experimentally relevant range of parameters.
Fig. 13. depicts the sensitivity of the cavity loss as a
function of σ2/σn. Well below Tc, the latter quantity is
about 100. At the same time, σ1/σn remains around unity
if the vortex motion is significant. However, in the skin limit
regime, the cavity loss drops by about 2 orders of magnitude
due to the significant σ2, which fully prevents any meaning-
ful measurement of σ1 in surface impedance studies.
Appendix I: Microwave cavity perturbation in the penetration
limit
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FIG. 14: Calculated cavity loss and shift vs. σ1 when σ2 = 0 for
different sample sizes with Eq. (I2) on a semilogarithmic plot using
the geometrical constant γ = 1.
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We mentioned in the main text that for a small particle
with diameter a the following relation holds between the
cavity parameters and the conductivity63:
∆f
f0
− i∆
(
1
2Q
)
= −γα˜, (I1)
α˜ = −3
2
(
1− 3
a2k˜2
+
3
ak
cot(ak˜)
)
, (I2)
where k˜ = n˜ωc is the complex wavenumber with n˜ =
√
iσ̂
ǫ0ω
being the complex index of refraction. Eq. (I2) returns
∆f
f0
= 0 and ∆
(
1
2Q
)
∝ σ for small values of σ as
expected27,28. In the other extreme, it returns ∆ff0 = −γ 32
and ∆
(
1
2Q
)
∝ 1/√σ for large values of σ, which is also
the expected result27,28.
Fig. 14. shows the calculated cavity loss and cavity shift
as a function of σ1 with σ2 = 0 for various particle sizes
as calculated with Eq. (I2). This calculation demonstrates
that the character of the loss vs σ1 changes depending on the
value of σ1 from a ∆
(
1
2Q
)
∝ σ1 to a ∆
(
1
2Q
)
∝ 1/√σ1,
where the characteristic value of the crossover is also particle
size dependent. The crossover is accompanied by a change
in the cavity shift.
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FIG. 15: Calculated cavity loss vs. σ1 for different σ2 values. The
sample size is 1 µm. Cavity loss is in arbitrary units, i.e. multiplied
by an arbitrary γ. Note that the loss becomes less sensitive to σ1 for
larger σ2 values (dotted line) but the solid and dashed lines overlap.
Fig. 15. demonstrates that the cavity loss decreases for a
larger value of σ2. This is the reason why in the supercon-
ducting state, where σ2 is finite, it is more difficult to detect
the effect of the vortex motion induced finite σ1 on the cav-
ity loss. Nevertheless, the drop in the cavity loss even for a
large σ2 = 10
8 1/Ωm is about a factor 3 as compared to the
2 − 3 orders of magnitude cavity loss drop for the same σ2
for a single crystal sample. The latter situation is shown in
Fig. 13.
